Abstract. Caveolin-1 (Cav-1), a family of ubiquitously expressed oligomeric structural proteins in many mammalian cells, has been shown to be an effective regulator of tumorigenesis. Recent studies have indicated that Cav-1 can promote resistance to chemotherapy in a variety of tumors. However, the regulation of Cav-1 on chemoresistance in ovarian cancer is still unknown. In the present study, the mRNA and protein expression level was investigated by RT-PCR and western blot analysis, respectively, and the 50% inhibitory concentration (IC 50 ) value was measured by MTT assay. The protein expression level of P-glycoprotein (P-gp), Notch-1, p-Akt and p-NF-κB p65 were detected using western blot analysis and the apoptotic ratio was determined using the Annexin V-FITC/PI detection kit. The results showed that the mRNA and protein expression levels of Cav-1 were significantly higher in SKOV3/DDP and A2780/DDP than in SKOV3 and A2780, respectively. Knockdown of Cav-1 significantly decreased the IC 50 value in cisplatin-resistant cells. The protein expression level of P-gp in SKOV3/DDP and A2780/DDP was significant higher than SKOV3 and A2780, respectively, and had no correlation with the Cav-1 siRNA transfection. The apoptotic ratio induced by cisplatin in normal ovarian cancer cells was higher than cisplatin-resistant ovarian cancer cells, and knockdown of Cav-1 could significantly enhance cisplatin induced cell apoptosis. Furthermore, knockdown of Cav-1 was also able to significantly downregulate the protein expression level of Notch-1, p-Akt and p-NF-κB p65 in cisplatin-resistant ovarian cancer cells. Overexpression of Cav-1 upregulated the IC 50 value, but under the effect of Notch-1 siRNA or LY294002 or PDTC, the IC 50 value was markedly decreased. Our results suggested that Cav-1 can promote the chemoresistance of ovarian cancer by targeting apoptosis through the Notch-1/ Akt/NF-κB pathway.
Introduction
Ovarian cancer is a common malignant tumor in females and the leading cause of mortality among gynecologic cancers (1) . The main therapeutic strategy of ovarian cancer is a combination of surgery and chemotherapy, which however contributes to chemoresistance. Chemoresistance is considered one of the main obstacles in the clinical treatment of ovarian cancer patients (2) , thus, it is meaningful to figure out the relevant molecules and mechanisms that are involved in the development of chemoresistance.
Caveolines, a family of ubiquitously expressed oligomeric structural proteins in many mammalian cells, are important proteins of caveolae, which are related to endocytosis, transcytosis and the integration of various signaling molecules and signaling pathways (3) . Three caveolin family members, caveolin (Cav)-1, -2 and -3, have been identified and are widely expressed in various tissues in which Cav-1 is essential for caveolae formation and aggregation of signal molecules. Cav-1 has phosphorylated sites at tyrosine residue 14 and serine 80 and the phosphorylation is related to epidermal growth factor, platelet-derived growth factor, insulin and Akt pathways (4) . Various signaling molecules, such as G protein-coupled receptors, protein kinase C and extracellular signal regulated protein kinase interact with Cav-1 through its caveolin-scaffolding domain (5, 6) . Studies have demonstrated the role of Cav-1 in progression and metastasis of lung cancer (7) , renal cell carcinoma (8) , rectal (9) , pancreatic (10) , breast (11, 12) and ovarian cancer (13) by regulating cell cycle, proliferation, survival and migration of tumor cells (14) . Cav-1 was regarded as a tumor suppressor for years until overexpression of Cav-1 was found in chemoresistant breast, colon and lung cancer (15) (16) (17) , thus, Cav-1 is both a tumor suppressor and a promoter of multi-drug resistance (MDR).
Wiechen et al (18) proposed that Cav-1 also acts as a candidate tumor suppressor gene in human ovarian carcinoma, but the relationship between Cav-1 and chemoresistance in ovarian cancer is still unknown.
Notch-1 is one of the mammalian Notch gene family members, which plays a crucial role in cell proliferation and apoptosis. It is reported that Notch-1 may promote cell growth and inhibit apoptosis via activation of the Akt signaling pathway (19) . PI3K/Akt is an important anti-apoptotic and survival pathway which plays a crucial role in cisplatin resistance (20) . NF-κB DNA-binding activity, another major regulator of cell proliferation, is also decreased by downregulation of Notch-1 (21) . NF-κB is also an effector of the Akt pathway (22) . Recent studies suggested a significant association between the expression of Notch, pAkt and NF-κB in breast cancers and the Akt1/NF-κB/Notch1/PTEN axis is involved in chemoresistance of gastric cancer cells (23, 24) . Cav-1 has been found to cross-talk with the Notch-1, Akt and NF-κB pathway in various cancer cells (25) (26) (27) .
The present study investigated the role of Cav-1 in regulating the chemoresistance of ovarian cancer cells and we hypothesized that Cav-1 is overexpressed in chemoresistant ovarian cancer cells. We transfected Cav-1 siRNA to knockdown Cav-1 and confirm the connection between Cav-1 and chemoresistance of ovarian cancer. The role of MDR protein P-gp and apoptosis in the Cav-1 mediated cisplatin resistance was assessed. Subsequently, the involvement of the Notch-1/Akt/NF-κB signaling pathway was investigated. As the first study addressing the role of Cav-1 in the chemoresistance of ovarian cancer, our purpose was to provide a new direction to improve the chemosensitivity of ovarian cancer and thus, provide possibilities for the cure of ovarian cancer.
Materials and methods
Cell culture. Human ovarian cancer cell lines SKOV3 and A2780 and human cisplatin-resistance ovarian cancer cell lines SKOV3/DDP and A2780/DDP were obtained from the American Type Culture Collection (ATCC, Manassas, VA, uSA). Cells were cultured in RPMI-1640 (Gibco BRL, Gaithersburg, MD, uSA) supplemented with 5% fetal bovine serum (Gibco) and 1% penicillin and streptomycin (Gibco, Life Technologies, Lofer, Austria) at 37˚C in a humidified incubator with 5% CO 2 .
Analysis of the 50% inhibitory concentration (IC 50 ). For the determination of IC 50 , cells were seeded in 96-well plates and 24 h later, the media were replaced with 4, 8, 12, 16, 20, 24, 28, 32, 36 and 40 µg/ml cisplatin medium and cultured for 48 h. MTT was then added and incubated for 4 h. The supernatant was removed and DMSO was added. The absorbance at 490 nm was read using a microplate reader (Bio-Rad Laboratories, Hercules, CA, uSA). Three independent experiments were performed for each experiment.
Real-time PCR analysis. Total RNA was extracted from cells using TRIzol reagent (Invitrogen, Carlsbad, CA, uSA) according to the manufacturer's instructions. After the purity and concentration were determined, total RNA was reverse transcribed using High-Capacity RNA-to-cDNA kit (Applied Biosystems, Foster City, CA, uSA) according to the manufacturer's instructions. RT-PCR was performed using a SYBR-Green supermix (Invitrogen) on the ABI PRISM 7700 Sequence Detection system (Perkin-Elmer Biosystems, Waltham, MA, uSA) and β-actin was used as a reference. The primers for Cav-1 and β-actin were designed as follows: Cav-1 forward, 5'-AACACGTAGCTAGCTGCCCTTCAG-3' and reverse, 5'-GGATGGGAACGGTGTTAGAGAT-3' and β-actin forward, 5'-AGGCCAACCGTGAAAAGATG-3' and reverse, 5'-TGGCGTGAGGGAGAGCATAG-3'. The expression levels of the relative genes were calculated using β-actin mRNA as a control using the 2 -ΔΔCT method (28) .
Western blot analysis. Total protein was extracted from cells using TIPA lysis buffer (Beyotime, Jiangsu, China) and the concentration was measured using the BCA kit (Beyotime). The proteins were separated on 10% SDS-PAGE and then transferred onto polyvinylidene difluoride membrane. After blocking for 4 h in 5% skim milk, the membrane was immunoblotted with primary antibodies for rabbit anti-caveolin-1, rabbit anti-p-Akt, rabbit anti p-NF-κB p65, goat anti P-gp and β-actin (Santa Cruz Biotechnology, Dallas, TX, uSA) overnight at 4˚C. Membranes were washed three times and incubated with the HRP-conjugated goat anti-rabbit IgG or HRP-conjugated mouse anti-goat IgG (Santa Cruz Biotechnology) for 1 h. Chemiluminescent detection was performed using the ECL kit (Pierce Chemical, Rockford, IL, uSA).
Plasmids and siRNA transfection. For overexpression of Cav-1, the plasmid pcDNA 3.1(+)-cav-1 (Addgene, Cambridge, MA, uSA) or its empty vector pcDNA 3.1 (Invitrogen) was transfected into SKOV3/DDP and A2780/DDP cells using Lipofectamine 2000 (Invitrogen) according to the manufacturer's instructions. After transfection for 24 h, the culture medium was changed to a selection medium that contained 1.5 mg/ml of geneticin and cultured for 48 h to select the transfected cells. For knockdown of Cav-1 and Notch-1, the cells were transfected with Cav-1, Notch-1 or the control siRNA using Lipofectamine 2000 (Invitrogen) according to the manufacturer's instructions and incubated for 24 h. Then, the transfected cells were harvested for further analysis. The Cav-1 siRNA target sequence: 5'-uCuGuGAuCCACuCu uuGAuu-3', Notch-1-siRNA target sequence: 5'-AAGTGG GACCTGCCTGAATGG-3'.
Annexin V-FITC analyses. The apoptotic ratio was detected by Annexin V-FITC/PI assay. Forty-eight hours after transfecting with siRNA, cells were exposed to 20 µM cisplatin for 48 h and then the cells were collected and washed 3 times with PBS. Cells were suspended in PBS to 1x10 5 /ml, then 5 µl of FITC Annexin V and 5 µl PI was added to stain the cells. Cells were incubated for 15 min in the dark and the apoptotic cells were analyzed by flow cytometry.
Statistical analysis. All data were presented as mean ± the standard error of the mean (SEM). The difference between treatments was compared by the Student's t-test or one-way ANOVA. A value of P<0.05 was considered statistically significant. All experiments were repeated at least three times.
Results

Cav-1 expression in cisplatin-resistant ovarian cancer cells.
To evaluate the expression level of Cav-1 between normal ovarian cancer cells and cisplatin-resistant cancer cells, SKOV3 and A2780 (normal ovarian cancer cells) and SKOV3/DDP and A2780/DDP (cisplatin-resistant ovarian cancer cells) were cultured. The expression level of Cav-1 was measured using RT-PCR and western blot analysis. The results showed that both the mRNA and protein expression level of Cav-1 in SKOV3/DDP and A2780/DDP cells was significantly higher than SKOV3 and A2780 cells, respectively (P<0.05, Fig. 1 ). Thus, we predicted Cav-1 may be an important factor involved in the chemoresistance in ovarian cancer cells.
Cav-1 silencing promotes chemosensitivity in cisplatinresistant ovarian cancer cells.
To explore the correlation between Cav-1 and the cisplatin resistance in ovarian cancer cells, we used Cav-1 siRNA to knock down Cav-1 and performed chemosensitivity analysis on cisplatin-resistant cells. The results showed that Cav-1 siRNA significantly inhibited the mRNA and protein expression level of Cav-1 (P<0.05, Fig. 2 ) and lowered the IC 50 value of cisplatin from 28.21±1.35 to 10.56±1.28 (µM) in the SKOV3/DDP cells and from 35.39±3.18 to 9.17±1.32 (µM) in the A2780/DDP cells (Fig. 2C ) and the statistical analysis was significant for both SKOV3/DDP and A2780/DDP cells(P<0.05).
Cav-1 knockdown do not affect the protein expression level of P-glycoprotein (P-gp)
. P-gp is a protein product of the MDR1 gene, which is one of the common genes that directly regulates drug resistance in various types of cancer. To figure out the relationship between Cav-1 and P-gp, we studied the P-gp expression level in cisplatin-resistant ovarian cancer cells with Cav-1 knockdown. The results showed that the relative protein expression level of P-gp was significantly higher in SKOV3/DDP than SKOV3 and higher in A280/DDP than A2780 (P<0.05, Fig. 3 ). There was no significant difference in the protein expression level of P-gp in SKOV3/DDP and A2780/DDP between the Cav-1 siRNA group and the blank or control siRNA group (P>0.05, Fig. 3 ).
Cav-1 knockdown promotes apoptosis of cisplatin-resistant ovarian cancer cells.
Apoptosis contributes to the antitumor activity of many chemotherapeutic drugs and plays a crucial role in drug-induced cytotoxicity, thus the decreased apoptosis ratio is also one of the common mechanisms that induce chemoresistance (29) . For this reason, we assessed the apoptotic cells in Cav-1 knockdown cisplatin-resistant cells after exposure to 20 µM cisplatin. The result showed that the ratio of apoptosis induced by cisplatin in SKOV3 and A2780 cells was significantly higher than SKOV3/DDP or SKOV3/DDP cells (P<0.05). Cav-1 siRNA transfection could significantly inhibited apoptosis of SKOV3/DDP and A2780/DDP compared to the blank and control siRNA groups (P<0.05, Fig. 4 ).
Cav-1 knockdown inhibits Notch-1, Akt and NF-κB expression in ovarian cancer cells.
Evidence has indicated that Notch-1 is an important regulator of chemoresistance of ovarian cancer cells (30) . Phosphorylated Akt is an activated state of Akt, which is related to cancer cell survival and cisplatin resistance of ovarian cancer cells (31) . Translocation of the NF-κB p65 subunit has been reported to exert important roles in the cell survival of cancer cells (24) and the phosphorylation of p65 is essential for the nuclear retention and transcriptional activity of NF-κB (32) . To probe the distinctive expression of Notch-1 in cisplatin-resistant ovarian cancer cells, we detected the protein level of Notch-1 using western blot analysis. The results showed that the protein level of Notch-1 was significantly upregulated in cisplatin-resistant ovarian cancer cells (P<0.05, Fig. 5A and B) . Likewise, the phosphorylation of Akt and NF-κB p65 was also tested using western blot analysis and both were significantly upregulated in cisplatin-resistant ovarian cancer cells (P<0.05, Fig. 5A, C and D) .
To investigate whether the Notch-1/Akt/ NF-κB pathway was related to the expression level of Cav-1, we inhibited the expression of Cav-1 by transfecting with Cav-1 siRNA and detected To confirm the assumption that Cav-1 regulates chemoresistance of ovarian cancer cells through the Notch-1/Akt/NF-κB pathway, we overexpressed Cav-1 in cisplatin-resistant ovarian cancer cells by the transfection of the plasmid pcDNA 3.1(+)-cav-1 and inhibited the expression of Notch-1 using Notch-1 siRNA or restrained the activity of Akt and NF-κB by treating with LY294002 and PDTC, respectively, the IC 50 value of cisplatin was assessed using MTT analysis. Overexpression of Cav-1 significantly enhanced the IC 50 value of cisplatin in both SKOV3/DDP and A2780/DDP cells (P<0.05, Fig. 6C and D) . We next detected the effect of downregulated Notch-1, Akt and NF-κB down on the IC 50 value in Cav-1 overexpressed, cisplatin-resistant ovarian cancer cells. The results showed that Notch-1 siRNA, Akt siRNA and the NF-κB inhibitor PDTC may all significantly downregulate the IC 50 value in Cav-1 overexpressed cisplatin-resistant ovarian cancer cells (P<0.05, Fig. 6C and D) .
Discussion
In the past 20 years, Cav-1 has become regarded as a tumor suppressor and pro-apoptotic protein (33) (34) (35) . The reduced expression of Cav-1 is found in several human cancer types, including lung, colon, ovarian, breast cancer and osteosarcomas (18, (36) (37) (38) (39) . However, in recent years, some studies have reported that Cav-1 can exert anti-apoptotic potential, enhance tumor migration and invasion, and have prognostic value for patient survival and cancer recurrence (40) (41) (42) . In addition, Cav-1 is an essential modulator of cancer MDR. In the present study, we explored the expression level in ovarian cancer cells and cisplatin-resistant ovarian cancer cells using PCR and western blot assay. The results showed that the expression level of Cav-1 in cisplatin-resistant ovarian cancer cells SKOV3/DDP and A2780/DDP is significantly higher than SKOV3 and A2780. In this case, we knocked down Cav-1 in SKOV3/DDP and A2780/DDP by transfecting Cav-1 siRNA and assessed the IC 50 value by MTT assay. We found that knockdown of Cav-1 downregulated the IC 50 value significantly, both in SKOV3/DDP and A2780/DDP cells. These data suggest for the first time that: i) Cav-1 is upregulated in chemoresistant ovarian cancer; ii) downregulation of Cav-1 may inhibit the cisplatin resistance of ovarian cancer. Chemoresistance is a major clinical obstacle for the treatment of patients with ovarian cancer and a better understanding of the molecular mechanisms involved in this cellular protection is required to develop more successful therapies. In cisplatin induced drug resistance, expressions of MDR proteins and inhibitions of apoptosis are two important mechanisms that are involved in cisplatin-resistance (43) . As the protein product of MDR1 gene, P-gp is a membrane protein belonging to the adenosine triphosphate (ATP)-binding cassette family. The overexpression of P-gp is one of the most common mechanisms that is associated with MDR by inhibiting intracellular drug accumulation and catalyzing the drug efflux (44) . Several studies have reported that the expression of P-gp is tightly related to the drug resistance in ovarian cancer cells (45) (46) (47) . Most of the anticancer therapies, including drugs and chemotherapy, target cancer cells mainly by contributing to apoptosis. Indeed, when the cancer cells are chemoresistant, the apoptotic cells induced by anticancer therapy were limited, thus apoptosis resistance is one of the important pathway in mediating the chemoresistance of cancer (29) . In the present study, we explored the final effector in Cav-1 mediated cisplatin-resistance. The results showed that the protein expression level of P-gp is much higher in cisplatin-resistant than normal cells and there is no connection between the expression of Cav-1 and P-gp. However, knockdown of Cav-1 significantly enhanced the apoptosis ratio induced by cisplatin in cisplatin-resistant ovarian cancer cells, which means that the mediation of chemoresistance by Cav-1 is not targeting P-gp, but cell apoptosis.
The Notch signaling pathway is crucial for the regulation of chemoresistance in cancer by controlling the cell survival and proliferation (48, 49) . There are four Notch receptors, Notch1, Notch2, Notch3 and Notch4 in mammals, in which Notch1 signaling plays an important role in ovarian tumor growth and is closely associated with chemoresistance in ovarian cancer stem cells (30, 50) . It is reported that Notch1 may regulate cancer cell growth via activation of the Akt pathway (19) , which plays a key regulatory role in cell survival, proliferation, migration and apoptosis. Enhanced Akt kinase activity is involved in resistance to chemotherapeutic agents by regulating the activity of NF-κB in various types of cancer. Zhou et al (23) demonstrated that the expression of Notch1 and the activity of Akt1 and NF-κB were upregulated by doxorubicin (a chemotherapeutic agent), and the Akt1/ NF-κB/ Notch-1 axis has an important role in chemoresistance of gastric cancer cells. Thus, the present study explored the relationship between Notch1, Akt and NF-κB and the chemoresistance in ovarian cancer cells. We found that the protein level of Notch1, p-Akt and p-NF-κB p65 are all significantly higher in the cisplatin-resistant cancer cells SKOV3/DDP and A2780/DDP than in SKOV3 and A2780 cells, which indicated a role of the Notch1/Akt/NF-κB pathway in the chemoresistance of ovarian cancer cells.
Recent studies indicated that the Notch1 signaling pathway plays a role in the regulating effect of Cav-1 (51, 52) . The expression of Cav-1 is associated with the phosphorylation of Akt and the activity of NF-κB. Our results demonstrated that Cav-1 knockdown can significantly down regulate the protein expression level of Notch-1, p-Akt and p-NF-κB p65. To further distinguish the role of the Notch-1/Akt/NF-κB pathway in the mediation of Cav-1 in chemoresistant ovarian cancer, we inhibited the effect of Notch-1, Akt and NF-κB in Cav-1 overexpressed, cisplatin-resistant ovarian cancer and detected the IC 50 of cisplatin. We found that inhibiting any one of Notch-1, Akt and NF-κB, or all of them, can block the upregulating effect of Cav-1 overexpression on IC 50 , which suggested a crucial role of NF-κB/AKT /Notch-1 pathway in the Cav-1 mediated chemoresistance in ovarian cancer.
In conclusion, our data have shown that Cav-1 is aberrantly expressed and contributes to the chemoresistance in cisplatin-resistant ovarian cancer. We also found that the regulatory effect of Cav-1 on cisplatin-resistance is targeting cell apoptosis rather than P-gp. Moreover, upregulation of Notch-1, p-Akt, and p-NF-κB p65 was observed in cisplatin-resistant ovarian cancer cells. Furthermore, we demonstrated that knockdown of Cav-1 was able to inhibit the protein expression level of Notch-1, p-Akt and p-NF-κB p65. Besides, we found that inhibiting the Notch-1/Akt/NF-κB pathway restrained the increased IC 50 value induced by Cav-1 overexpression. Overall, the present finding suggests that Cav-1 is a positive factor mediating chemoresistance of ovarian cancer cells by targeting apoptosis through Notch-1/Akt/ NF-κB pathway.
